The inflamed tumor microenvironment plays a critical role in tumorigenesis. However, the mechanisms through which immune cells, particularly macrophages, promote tumorigenesis have only been partially elucidated, and the full scope of signaling pathways supplying macrophages with protumorigenic phenotypes still remain largely unknown. Here we report that germ-line absence of c-Jun N-terminal phosphorylation at serines 63 and 73 impedes inflammation-associated hepatocarcinogenesis, yet deleting c-Jun only in hepatocytes does not inhibit hepatocellular carcinoma (HCC) formation. Moreover, in human HCC-bearing livers, c-Jun phosphorylation is found in inflammatory cells, whereas it is mostly absent from malignant hepatocytes. Interestingly, macrophages in livers of mice with chronic hepatitis gradually switch their phenotype along the course of disease. Macrophage phenotype and density are dictated by c-Jun phosphorylation, in vitro and in vivo. Transition of macrophage phenotype, from antitumorigenic to protumorigenic, occurs before tumorigenesis, resulting in the production of various chemokines, including chemokine (C-C motif) ligand 17 (CCL17) and CCL22. Such signals, emanating from the liver microenvironment, direct the recruitment of regulatory T cells, which are known to facilitate HCC growth. Our findings identify c-Jun phosphorylation as a key mediator of macrophage education and point to the recruitment of immunosuppressive regulatory T cells as a possible protumorigenic mechanism.
HCC | c-Jun phosphorylation | M1 macrophages | M2 macrophages | Tregs T he network of interactions among cells that comprise tumors has a major influence on tumor progression. Tumor-associated macrophages (TAMs) are singled out as possibly the most significant ones, other than the malignant cells per se. Importantly, macrophages can assume both antitumorigenic (designated M1 macrophages) and protumorigenic (designated M2) phenotypes, yet the mechanisms that modulate this switch are largely unknown (1, 2) . It is generally maintained that this switch is mediated by signals that emanate from the tumor cells, hence the term "tumor-educated macrophages." Chronic inflammation plays a key pathogenetic role in hepatocellular carcinoma (HCC). However, chronic inflammation is a complex process, which may play both protumorigenic and antitumorigenic roles via the action of many cytokines and various effects of different protumorigenic and antitumorigenic innate and adaptive immune cells (3) .
Experimental proof for a protumorigenic role of microenvironment residents was shown for invasive and metastatic tumors. For example, Budhu et al. identified a specific immune signature that drives the metastatic spread of HCC (4), and Qian et al. showed that chemokine (C-C motif) ligand 2 (CCL2) facilitates breast cancer metastasis (5) . Furthermore, we and others have shown that inflammatory-cell-induced signaling events in epithelial cells promote carcinogenesis (6, 7). Epithelial-stroma interactions may also be important in the very initial phases of tumor generation (8) , and it is possible that immunosurveillance could resist tumorigenesis at these early stages (9) . We hypothesized that, in specific pathological states, macrophage education may occur before tumorigenesis, perhaps even as a prerequisite for it. This hypothesis could form the foundation for new preventive treatments aimed at the reeducation of immune cells in individuals susceptible to developing cancer.
Many reports support the existence of immunosurveillance against nonviral cancers (10) . A distinction can now be made between protumorigenic inflammation, characterized by tumor infiltration by Th2 cells, Foxp3-positive regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and M2 macrophages, and antitumorigenic inflammation, characterized by infiltration with Th1 cells, CD8
+ cytotoxic T lymphocytes, and M1 macrophages (11) . Previous studies have identified several factors that are secreted by TAMs and promote tumor progression, including EGF, VEGF, MMP7/9, and CCL18 (12) (13) (14) (15) , which are thought to affect tumor cell phenotype and tumor vasculature.
Patients with active chronic hepatitis are a unique example of a patient group carrying an extremely high risk for developing HCC, one of the deadliest human tumors (16, 17) . Multiple signaling pathways are known to regulate diverse aspects of Significance Tumor-associated macrophages are often associated with poor prognosis, but the molecular cues that impart the change in macrophage phenotypes are mostly unclear. Our findings identify c-Jun N-terminal phosphorylation as a key mediator of macrophage education and point to a recruitment of immunosuppressive regulatory T cells as a possible effector protumorigenic mechanism. This cross-talk between adaptive and innate immune responses occurs before overt tumorigenesis, reversing the classic paradigm of initiation and promotion. Our findings raise the possibility that targeting immune checkpoints could be effective for tumor prevention in chronic inflammatory diseases. immune cell phenotype and function; among these pathways, the c-Jun NH 2 kinase (JNK)/c-Jun signaling pathway is known to be involved in both inflammatory and cancer processes (18) . JNK kinases are responsible for phosphorylating c-Jun at Ser-63 and -73, which are essential for stimulation of c-Jun activity. However, JNK functions in cancer have been difficult to predict because JNK is involved both in cell proliferation and cell survival as well as in cell death (19) . The role of JNK kinases in HCC is controversial, with different models showing protumorigenic and antitumorigenic roles for JNK (20) . We therefore set out to study the role of c-Jun N-terminal phosphorylation (JNP) in inflammationassociated HCC. c-Jun AA/AA mice demonstrated markedly reduced rates of hepatocarcinogenesis: Histological evaluation revealed more than twofold reduction in the number of microscopic tumors (diameter 1-2 mm; P = 0.02), and even more significant reductions for larger tumors [2.1-5 and >5 mm; P = 0.004 and P = 0.04, respectively ( Fig. 1A and Fig.  S1C) ]. Macroscopic inspection confirmed the microscopic analysis ( Fig. 1 B and C) . These results indicate that JNP facilitates inflammation-induced hepatocarcinogenesis. c-Jun is involved in a wide range of pivotal cellular processes, including cell proliferation and apoptosis; however, we did not find differences in these parameters (Fig. S2) .
Results

JNP
In contrast to our findings in Mdr2 −/− mice, Eferl et al. have shown that JNP is dispensable for HCC development in mice treated with diethylnitrosamine (DEN), a carcinogen-induced liver cancer model that does not provoke chronic inflammation (22) . Noting this different outcome, we hypothesized that in the inflammation-driven model, JNP exerts its protumorigenic effect in inflammatory cells rather than hepatocytes. To this end, we used cross-breeding to introduce floxed c-Jun and Alphafetoprotein-Cre driver (22) for c-Jun Δhep mice (22) . Immunohistochemical stains for c-Jun confirmed that c-Jun was completely absent in both parenchymal ( 
cJun
Δhep mice showed c-Jun up-regulation ( Fig. 1F and Fig.  S3A ). Together, these findings suggest that in inflammationinduced liver cancer, JNP does not play a role in hepatocytes but, rather, exerts its protumorigenic phenotype via the inflammatory microenvironment.
To assess the potential clinical relevance of this finding, we immunostained 27 human HCCs for phosphorylated c-Jun. We detected rare positive staining in malignant hepatocytes of a few HCCs (3 of 27 cases; 11%). However, in adjacent nonneoplastic parenchyma, 40% of the cases demonstrated positive hepatocytes for JNP. Most importantly, in accordance with the mouse data, inflammatory cells positive for JNP were detected in adjacent inflamed liver in most cases (69%), indicating its potential importance in the inflammatory compartment ( Fig. 2 A and B) .
c-Jun controls hepatocyte proliferation by a p53/p21-dependent mechanism (23) . Furthermore, counteracting p53 was found to be the major protumorigenic mechanism of c-Jun in DEN-induced hepatocarcinogenesis (22) . In addition, JNK1 expression in hepatocytes was shown to contribute to down-regulation of p21 and up-regulation of c-Myc, as a critical mechanism for DEN-induced HCC (24) . Of note, we did not detect differential p53, p21, or c-Myc expression in livers of Mdr2 −/− mice with or without hepatocyte c-Jun (Fig. S3 B-D) . Collectively, these findings could explain why c-Jun deletion in hepatocytes does not affect hepatocarcinogenesis in Mdr2 −/− mice and supports the possibility that, in inflammation-induced HCC, JNP exerts its protumorigenic effect non-cell-autonomously. . S4A ). Thus, JNP contributes to the accumulation of liver macrophages in chronically inflamed liver, but not in the basal state.
Macrophages can adopt different phenotypes that have opposing effects on tumor growth (2, 25) . To study whether JNP affects macrophage phenotype, we subjected primary peritoneal macrophages from c-Jun WT/WT and c-Jun AA/AA mice to in vitro differentiation protocols (26), inducing either M1 or M2 phenotypes. WT macrophages and JNP-deficient ones did not differ in their ability to up-regulate the expression of the various M1 markers (Fig. 2F) . Remarkably, c-Jun AA/AA macrophages were markedly impaired in their ability to up-regulate several M2 markers (Table S1 ) including CCL17, CCL22, and CCL2 (Fig. 2F) . These findings reveal that JNP acts in a cell-autonomous manner in macrophages to mediate protumorigenic M2 polarization.
Next, we isolated macrophages from livers of 4-and 7-mo-old Mdr2 −/− c-Jun AA/AA and control mice. Liver macrophages from both genotypes exhibited comparable expression levels of M1 markers (Fig. 3A) . However, whereas Mdr2 −/− c-Jun WT/WT liver macrophages exhibited an increase of CCL17 and CCL22 expression levels between 4 and 7 mo of age, expression of these chemokines remained low in Mdr2 −/− c-Jun AA/AA liver macrophages (Fig. 3A) . Quantitative PCR (qPCR) analysis of M1 and M2 markers in total liver lysates of 11-mo-old mice showed a similar trend (Fig. S4 B and C) . Immunostaining for CCL17 highlighted macrophages that were mostly located near the portal tracts (Fig. 3B) . Importantly, the number of macrophages expressing CCL17 was reduced nearly twofold in Mdr2
AA/AA mice (P = 0.004; Fig. 3C ). Together, these data show that JNP enhances the expression of M2-related chemokines, without affecting M1 response, in the chronically inflamed liver. −/− c-Jun AA/AA mice at 11 mo of age (P = 0.02; Fig. 4 A and  B) . A similar decrease in total liver Foxp3 mRNA levels was noted (P = 0.006; Fig. 4C ). As expected, Mdr2
−/− c-Jun Δhep mice did not display reduced Treg cell accumulation (Fig. S5) , indicating that specific c-Jun deletion in hepatocytes does not affect Treg cell numbers in the liver.
To study whether JNP is important for Treg cell responses in chronic inflammatory settings in general, we used another model of chronic inflammation characterized by elevated ratios of Treg cells, subjecting mice to liposomal LPS treatment (28) . Challenging c-Jun WT/WT and c-Jun AA/AA mice with liposomal LPS revealed reduced spleen weight in LPS-treated c-Jun AA/AA mice (Fig. S6A) , without affecting body weight. FACS analysis showed a reduction of Treg cell numbers in the spleens and peripheral blood lymphocytes (PBLs) of c-Jun AA/AA mice ( Fig. 4D and Fig. S6B ). Total Foxp3 mRNA levels in splenocytes corroborated the FACS analysis (Fig.  4E ). Thus, in two different chronic inflammation models, Treg accumulation depends on JNP.
It was shown that Foxp3 specifically interacts with the phosphorylated form of c-Jun (29) , suggesting that JNP may affect generation of inducible Treg cells. However, we did not reveal differences in the numbers of inducible Treg cells generated from naïve CD4 + CD25 − T cells of the two genotypes (Fig. S7 ). This result led us to test the alternative hypothesis-that reduced production of Treg-recruiting chemokines by macrophages might be the predominant cause for the impaired Treg accumulation in livers of Mdr2 , similar to the magnitude of reduction in Treg cells in these livers (P = 0.001; Fig. 4 F and G) . Coimmunostaining for CCL17 and Foxp3 revealed a close spatial relationship between CCL17-expressing macrophages and Treg cells (Fig. 4H and Fig. S8 ), suggesting that in Mdr2 −/− livers Treg cell recruitment is governed by macrophage-derived chemokines.
Discussion
In this work, we used a genetic approach to provide evidence that the JNK/c-Jun signaling pathway is an important molecular mechanism linking chronic inflammation to tumorigenesis by promoting an inflammatory protumorigenic switch. Carcinogen exposure and chronic inflammation are two important underlying conditions for tumor development, the latter accounting for ∼20% of human cancer (30) .
The role of the JNK/c-Jun signaling pathway in HCC induced by the carcinogen DEN has been studied by several groups (22, 24, 31, 32) . One concept emerging from these studies is that JNK signaling in hepatocytes promotes survival of hepatocytes via abrogating p53-induced apoptosis and up-regulation of c-Myc (22, 24) . Interestingly, JNK signaling was shown to play opposing roles in DEN-induced HCC; whereas deletion of JNK1 and JNK2 in both hepatocytes and nonparenchymal cells resulted in reduced tumorigenesis, deletion of these isoforms in hepatocytes alone increased tumorigenesis (20, 31) . The JNK1/2 targets that It is now well appreciated that mouse models of inflammationinduced HCC are significantly different from carcinogen models (20) . Tumor-infiltrating inflammatory cells operate in conflicting ways; both tumor-antagonizing and -promoting leukocytes can be found in various proportions in most, if not all, neoplastic lesions (33) . Our findings show that JNP shifts the inflammatory microenvironment toward a protumorigenic phenotype; whereas elimination of JNP in all cell types reduced tumor incidence, eliminating c-Jun specifically in hepatocytes had no effect on hepatocarcinogenesis. Pathological examination of human HCC samples revealed JNP in inflammatory cells, whereas malignant hepatocytes were mostly negative, suggesting that also in human HCC JNP may be important in the inflammatory environment.
We found that eliminating JNP reduced the number of liverinfiltrating macrophages and changed their phenotype. This finding is most likely a cell-autonomous effect in macrophages, because a similar change was noted in primary peritoneal macrophages. In support of this notion, studies from Glass and coworkers demonstrated that the nuclear receptor corepressor regulates the dynamic range of cultured macrophages' transcriptional responses to inflammatory signals, in part via modulation of c-Jun activity (34) . The nature of the signals that activate JNP in macrophages, to mediate the M1/M2 switch in the chronically inflamed liver, remains to be determined.
The role of immunosurveillance by the adaptive immune system in keeping tumors in check has gained significant support in recent years (10) . Treg cells are thought to play a key role in hampering effective antitumor immune responses by inhibiting the activity of cytotoxic T cells (35) . The mechanisms that govern Treg cells' accumulation in tumors include recruitment by chemokines as well as an active conversion of resident T cells into Treg cells (36) . Although we could not find evidence that JNP contributes to the conversion of Treg cells in a cell-autonomous way, we found that it plays an important role in the recruitment of Treg cells to the chronically inflamed liver. Furthermore, JNP was necessary for macrophages to assume an M2 phenotype in vitro, including chemokines that are known to be important in Treg recruitment such as CCL17 and CCL22 (Fig. 4I) (27, 35) . Together, these results suggest that chronic inflammation switches the macrophage phenotype from antitumorigenic to protumorigenic and that one mechanism affecting protumorigenic activity of M2 macrophages is the up-regulation of Treg-recruiting chemokines, thus hampering tumor immunosurveillance. However, it is possible that other mechanisms could mediate effects of JNP on the premalignant microenvironment. Dissecting the kinetics of hepatocarcinogenesis and the M1-M2 switch, we revealed that macrophage populations in inflamed livers assumed a protumorigenic phenotype already at 7 mo of age, well before appearance of the earliest tumors. This finding implies that, at least in this model of chronic inflammationassociated HCC, transition to tumor-promoting inflammation precedes the emergence of tumors. Thus, in this case, macrophages are not educated by tumors but, rather, by the chronic inflammatory process that precedes tumorigenesis. Previous studies suggested that immunosurveillance is operative already at the premalignant phases of tumorigenesis (9) . If this is indeed the case, any tumor-promoting mechanism that is directed against immunosurveillance is likely to be operative already before tumor initiation, suggesting that immune checkpoint drugs can be effective for tumor prevention.
Methods
Human Liver Tissue. Human liver biopsy specimens were obtained from resected patients from University Hospital Basel. Biopsy specimens were registered in the University Hospital Basel tissue bank and kept anonymous. The study protocol was approved by the institution ethics committee (no. 310/ 13) and was in accordance with the Helsinki declaration guidelines. Examination of H&E sections was performed by expert liver pathologists (L.T. and E.P).
Mice. All animal experiments were performed in accordance with the institutional (Hebrew University of Jerusalem) animal care and use committee (IACUC). All mice were bred (Table S2) Statistical Analysis. Results are expressed as means ± SEM. Statistical significance (P < 0.05) was determined by a two-tailed Student t test. Data were processed by using Microsoft Excel.
